Heat-shock protein B8 (HSPB8) has been recently reported to confer neuroprotection against ischemia/reperfusion (I/R)-induced cerebral injury in vivo and in vitro. However, the molecular mechanism is still elusive. This study focused on the effect of intracerebroventricular (i.c.v) delivery of lenti-HSPB8 virus against neurological injury in a rat model of cerebral I/R and explored the underlying mechanism. We found that lentivirus i.c.v injection-induced HSPB8 overexpression strongly alleviated infarct volume, improved neurobehavioral outcomes, and reduced brain edema in rat middle cerebral artery occlusion/reperfusion (MCAO/R) model. Concomitantly, HSPB8 over-expression noticeably prevented blood-brain barrier (BBB) disruption after cerebral I/R injury as indicated by the reduction in Evans blue leakage and IgG detection in the ipsilateral hemisphere compared with the vehicle group. Moreover, immunoblotting and immunofluorescence staining of tight junction proteins claudin-5 and occludin showed that HSPB8 over-expression prevented the degradation of these proteins induced by MCAO/R, which indicated the protective effect of HSPB8 on BBB. Western blotting and immunostaining techniques were also utilized to analyze the expression of the markers of autophagy. We found that HSPB8 over-expression promoted autophagic flux, evidenced by increased ratio of LC3 I/II, accumulation of Beclin-1 expression and enhanced p62 degradation. i.c.v injection of 15 lg autophagy inhibitor 3-methyladenine (3-MA) was applied at the onset of reperfusion. The results showed that 3-MA elicited a significant loss of the protective effect of HSPB8 against MCAO/R-induced neurological defect, Evans blue extravasation, and the loss tight junction proteins, suggesting that the BBB protective role of HSPB8 was, at least in part, mediated through autophagy. Collectively, HSPB8 may represent a potential therapeutic agent for preserving BBB integrity following cerebral I/R injury. Keywords: autophagy, blood brain barrier, cerebral ischemia/ reperfusion, heat shock protein B8.
ischemic stroke (Zhu et al. 2009 ). However, restoration of blood supply after ischemia can cause secondary brain damage, the main reason of which is that the blood-brain barrier (BBB) is disrupted (Pan et al. 2007; Fanne et al. 2010) . The BBB is an important regulator of brain homeostasis. Disrupted BBB, together with the subsequent brain edema, neuroinflammation, and free radical-mediated damage, contributes to poor clinical outcomes (Battey et al. 2014; Krueger et al. 2015) . As such, therapeutic recovery of BBB is thought as a novel and promising approach for abetting neuroprotection and neurorestoration in ischemic stroke.
As a tightly regulated cellular degradation pathway, autophagy plays an essential function in cell survival through regular protein turnover and organelle quality control. In the CNS, autophagy is critical for neuronal homeostasis, which enables cells to flourish after controlled clearance of their own superfluous or damaged cytosolic components and organelles (Hung et al. 2015; Nikoletopoulou et al. 2015) . Defect in autophagy has been implicated in a growing number of CNS diseases (Chen et al. 2012; Di Malta et al. 2012; Salminen et al. 2013) . To better understand the role of autophagy in the pathogenesis of CNS diseases, a great deal of effort has been made. Recently, numerous studies have revealed the beneficial effect of moderate autophagy on BBB integrity under stressful circumstances. Activation of autophagy was able to decrease brain edema and reduced BBB permeability following subarachnoid hemorrhage (Wang et al. 2012b ). Conversely, when autophagy was inhibited by 3-methyladenine (3-MA) and wortmannin, Evans blue (EB) leakage and brain water content were increased and the neurological deficit was aggravated (Zhao et al. 2013) . Rapamycin, a well-established inducer of autophagy, was indicated to have antiepileptogenic effect via its ability to restore and strengthen BBB integrity ( Van Vliet et al. 2012) . Moreover, luteolin reduced neuronal degeneration, as well as ameliorated BBB disruption and the consequent brain edema in a mice traumatic brain injury model, which may be related to autophagy activation (Xu et al. 2014) . Retinoic acid promoted functional recovery after spinal cord injury, partly by maintaining blood-spinal cord barrier integrity via enhancement of autophagic flux . Therefore, targeting autophagy may offer a potential effective approach for the protection of BBB integrity in a variety disease models. More recently, upregulation of brain microvascular endothelial cell autophagy has been demonstrated to have the potential protective effect to maintain BBB integrity during I/R (Li et al. 2014) . Furthermore, autophagy in cerebral microvascular endothelial cells was activated during permanent middle cerebral artery occlusion (pMCAO) in diabetic rats, and autophagy inhibitor chloroquine exacerbated pMCAO-induced BBB leakage (Fang et al. 2015) . Collectively, the beneficial effect of autophagy on cerebral I/R-compromised BBB integrity is increasingly evident.
Heat-shock protein B8 (HSPB8) has been indicated to confer protection against cerebral I/R injury. In previous study, we demonstrated that HSPB8 played a role in protecting mouse N2a cells from oxygen-glucose deprivation/reperfusion-induced apoptosis (Yang et al. 2015; Hu et al. 2016) . In addition, hippocampal HT-22 neuronal cells pretreated with Tat-HSPB8 protein showed markedly reduced intracellular reactive oxygen species and DNA damage levels compared with control cells, indicating that HSPB8 protected vulnerable hippocampal cells against ischemic injury (Jo et al. 2017) . However, the exact mechanism remains largely enigmatic.
In marked contrast to canonical sHSPs, which form heterogeneous high molecular weight complexes, HSPB8 does not form stable complexes with other HSPs. Instead, Carra et al. reported that HSPB8 interacted strongly and formed tight complexes with BCL2 associated athanogene 3 (BAG-3), which subsequently recruits HSP70 and Cterminus of Hsc70 interacting protein, forming a chaperon complex. The complex interacts with the autophagic adapter SQSTM1/p62 (Gamerdinger et al. 2011) , which specifically recognizes substrates as well as interacts directly with autophagosomal marker protein LC3, targeting ubiquitinated substrates to autophagosomes for autophagic degradation (Crippa et al. 2010a,b) . The involvement of HSPB8 chaperon complex has been reported in the clearance of aggregates associated with various neurodegenerative diseases, including Huntington disease (HD), spinocerebellar ataxia type 3, and spinal and bulbar muscular atrophy (Carra et al. 2008a; Seidel et al. 2012; Rusmini et al. 2013 ), Parkinson's disease (PD), multiple system atrophy (Bruinsma et al. 2011) , and amyotrophic lateral sclerosis (Crippa et al. 2010b) . Considering the positive role of autophagy in maintaining BBB integrity, we hypothesized that HSPB8 can ameliorate BBB disruption induced by cerebral I/R via facilitating autophagy.
In the work presented here, we demonstrated that, lentivirus intracerebroventricular (i.c.v) injection-induced HSPB8 over-expression could attenuate cerebral I/R-elicited BBB compromise and that HSPB8 conferred the beneficial effects through inducing autophagy.
Material and methods

Animals
The study was not pre-registered. Sprague-Dawley rats (4-6 weeks old) (Cat# 10395233, RRID: RGD_10395233) were purchased from Shanghai Laboratory Animal Center. All animal experiments were carried out in accordance with the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978) . The protocol was approved by the Institutional Animal Care and Use Committee of The Second Xiangya Hospital, Central South University (approval #2017-204). Rats were kept in a 12/12 h light/dark cycle at 32°C and had free access to food and tap water. The rats were acclimated in the animal center for 1 week before experiments. The experimental procedures in this study were shown in Fig. 1 . In experiment 1, 20 rats were arbitrarily assigned to two groups: pLV-GFP i.c.v injection group (n = 10) and pLV-HSPB8 i.c.v injection group (n = 10). In total, 156 rats in experiment 2 were assigned to one of the five groups: (1) sham (control) group (n = 28); (2) pLV-GFP + MCAO/R (pLV-GFP intraventricular injection + MCAO/R) group (n = 34); (3) pLV-HSPB8 + MCAO/ R (pLV-HSPB8 intraventricular injection + MCAO/R) group (n = 34); (4) 3-MA + pLV-GFP + MCAO/R group (n = 30); and (5) 3-MA + pLV-HSPB8 + MCAO/R group (n = 30). Of all the rats in our study, 13 rats were excluded because of death prior to killing (0 in the sham group; 2 in the MCAO/R + pLV-GFP group; 3 in MCAO/R + pLV-HSPB8 group; 4 in 3-MA + pLV-GFP + MCAO/R group; and 4 in 3-MA + pLV-HSPB8 + MCAO/R group, respectively). Reporting results conforms to the ARRIVE (Animal Research Reporting in In Vivo Experiments) guidelines.
Lentivirus preparation
The full length of rat HSPB8 coding sequence was cloned from GenBank (NM_053612.2) into the pLV-EF1a-EGFP (2A)-Puro vector (Cat# pLV-GP; Biosettia, San Diego, CA, USA). Lentiviral packaging was performed by GenePharma (Shanghai, China). After confirming correct insertions of HSPB8 cDNA by PCR and DNA sequencing, recombinant lentivirus vectors (pLV-HSPB8) and control lentivirus vectors (pLV-GFP) were generated by transient co-transfection 293T cells (ATCC â CRL-3216 TM , RRID: CVCL_LF45) with the lentivirus-expressing plasmid and plasmids in the packaging mix (pHelper 1.0 including gag/pol and pHelper 2.0 including VSVG) (Cat# K497500; Thermo Fisher Scientific, Waltham, MA, USA). The supernatants were collected after 48 h and concentrated. The virus titers produced were approximately 1.54E + 10 TU/mL. 293T cell line was purchased from SigmaAldrich, St. Louis, MO, USA, which is not listed as one of the misidentified cell lines by the International Cell Line Authentication Committee. The cell line was last authenticated when purchased.
Intracerebroventricular injection
Three weeks following introduction of the viral vectors, SD rats were anesthetized with intraperitoneal 10% chloral hydrate (4 mL/ kg) (Cat# C8383; Sigma-Aldrich) and i.c.v injection was induced in a stereotaxic frame. A quantity of 5 lL of pLV-GFP (vector control) or pLV-HSPB8 was injected into the right lateral cerebral ventricle at the rate of 0.5 lL/min (Bregma coordinates: 1.5 mm posterior, 1.8 mm lateral), using a 12.5-mm injection needle which was attached to a 30-cm polyethylene tube fitted to a 5 lL Hamilton syringe (Yeo et al. 2004 ). To prevent reflux or backflow, the needle was removed slowly 5 min after i.c.v injection. The rats were allowed to recover from anesthesia and returned to their home cage. To confirm the over-expression of HSPB8, rats were anesthetized by an intraperitoneal injection of 10% chloral hydrate (4 mL/kg), and killed by decapitation 14 days after i.c.v injection. Cortical and hippocampal tissues were harvested from each cerebral hemisphere and processed for western blot and immunofluorescence analysis.
Middle cerebral artery occlusion/reperfusion (MCAO/R) Two weeks after lentiviral injection, MCAO was performed in these animals. Right-sided MCAO was introduced using intraluminal monofilament techniques as described previously (Lee et al. 2014) . Briefly, rats were anesthetized by an intraperitoneal injection of 10% chloral hydrate (4 mL/kg), and then were fixed in a supine position Fig. 1 Experimental outline. A lentiviral delivery of 5 lL of pLV-GFP (vector control) or pLV-HSPB8 into cerebroventricular was performed in SD rats 2 weeks before middle cerebral artery occlusion (MCAO). The filament was removed after 2 h arterial block to allow reperfusion. At the onset of the reperfusion, separated groups of rats were given intracerebroventricular injections of 15 lg 3-MA or vehicle. Twentyfour hours after MCAO, behavioral, histological, and biochemical examinations were performed. HSPB8, heat-shock protein B8. on the board. After surgically exposing the right common carotid artery, the internal carotid artery, and the external carotid artery in anesthetized rats, a 4-0 nylon monofilament suture (Cat# 3045-100; Guangzhou Saixun Biotech, Guangzhou, China) was inserted through the external carotid artery and forward into the internal carotid artery to induce MCA occlusion. The filament was removed after 2 h arterial block to allow reperfusion. Sham-operated rats received the same surgery process without the MCAO. At 24 h after reperfusion, the brain tissue samples were obtained for assays. To ensure the occurrence of ischemia by MCAO, the regional cerebral blood flow was monitored using laser Doppler flowmetry (Moor Instruments, Devon, UK). A successful I/R injury was considered with an 80% drop and 70% recovery in the regional cerebral blood flow. Aside from anesthesia during the operation, no additional measures were taken to reduce animal's pain.
Drug administration
To clarify whether autophagy mediates the protective effect of HSPB8 against cerebral I/R insult, inhibition of autophagy was achieved by i.c.v injection of 15 lg 3-MA (Cat# M9281; Sigma, St Louis, MO, USA) at the onset of reperfusion. 3-MA was dissolved in normal saline by heating the solution to 60-70°C immediately before injection. The selected dose was chosen based on the previous studies, as it proved to be effective to inhibit the autophagy (Zhang et al. 2013) .
Neurological deficit scoring evaluation Animals' behavior was rated by an observer blind to the experimental conditions 24 h post-reperfusion after 2 h MCAO. The neurological deficit was monitored using a 5-point scale system described previously (Bederson et al. 1986 ): 0, no obvious neurological deficits; 1, failure to extend the contralateral forelimb completely; 2, contralateral circling; 3, falling towards the contralateral side; 4, no locomotor activity spontaneously; and 5, death. A unique number was assigned to each mouse, which were unknown to the observer at the time of behavioral assessment.
Cerebral infarct volume determination
The infarct volume evaluation was as described previously (Xiong et al. 2003) . Briefly, rats were killed by an intraperitoneal injection of 10% chloral hydrate (4 mL/kg) and killed by decapitation at 24 h reperfusion following 2 h MCAO. Each brain sample was cut into five slices with 2 mm thickness, incubated by a 2% solution of 2,3,5-triphenyltetrazolium chloride (Cat# T8877; Sigma-Aldrich) at 37°C for 30 min. Images of stained brain sections were captured with a digital camera. The infarct area was measured by Image J (LOCI, Madison, WI, USA). The normal tissue was stained with a deep red while the infarcted region appears pale gray. The infarct volumes were calculated as follows: ([total contralateral hemispheric volume] À [total ipsilateral hemispheric stained volume])/(total contralateral hemispheric volume) 9 100%.
Brain water content assessment Animals were killed and decapitated. The brains were harvested and hemispheres were separated. Brain water content was determined by comparing the wet and dry weights of right hemisphere (ischemic hemisphere). Briefly, after collected, the brain samples were weighed immediately (wet weight: WW). Thereafter, the tissues were dried to constant weight at 80°C and weighed again (dry weight: DW). The percentage of water was calculated as follows: % water = (WW À DW)/WW 9 100%.
Determination of Evans blue dye extravasation EB extravasation was used to measure the BBB permeability following the protocol of the previous study (Belayev et al. 1998) . Briefly, 23 h following reperfusion, rats were deeply anesthetized and 2% EB (4 mL/kg) (Cat# E2129; Sigma-Aldrich) was injected via the tail vein. After 1 h, rats were then perfused transcardially with saline.
For quantitative measurement of EB extravasation, brain samples was homogenized in 2.5 mL of phosphate-buffered saline (Cat# P5368; Sigma-Aldrich) and mixed by vortexing for 2 min after the addition of 2.5 mL of 60% trichloroacetic acid (Cat# T9159'; Sigma-Aldrich). Samples were cooled and then centrifuged at 1000 g for 30 min. The absorbency of the supernatant at 620 nm was quantitatively determined as the level of EB. The content of EB was quantified using the standard curve method and expressed as lg/g brain tissue.
Western blotting Western blot analysis was performed as previously described (Xia et al. 2007) . Under anesthesia, brains were removed at 24 h postreperfusion. Tissues were homogenized and sonicated in ristocetininduced platelet agglutination lysis tissue lysate buffer (10 mL/mg tissue) (Cat# R0278; Sigma-Aldrich) containing a mixture of proteinase inhibitors (Cat# PI78415; Thermo Fisher Scientific). The homogenate was centrifuged (2250 g for 30 min, 4°C), and the resulting supernatant was saved and used for quantification. The protein concentrations were determined and equal amounts of proteins were separated on using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Cat# 08091; Sigma-Aldrich) and then electrotransferred to nitrocellulose membranes. The membranes were blocked with 5% non-fat dry milk in mixture of Tris-buffered saline and 0.1% Tween 20 for 2 h in 20-25°C, and probed with antibodies against occludin (1 : 2000, Cat# ab90175, RRID:AB_2050131; Abcam, Cambridge, UK), claudin-5 (1 : 2000, Cat# ab15107, RRID:AB_301653; Abcam), LC3 (1 : 1000, Cat# 4108, RRID: AB_2137703; CST, Danvers, MA, USA), Beclin-1 (1 : 500, Cat# sc-48341, RRID:AB_626745; Santa Cruz Biotechnology, Santa Cruz, CA, USA), cathepsin B (1 : 500, Cat# sc-365558, RRID: AB_10842446; Santa Cruz Biotechnology); lysosomal-associated membrane protein 1 (LAMP-1) (1 : 500, Cat# ab25245, RRID:AB_449893; Abcam), p62 (1 : 1000, Cat# ab56416, RRID:AB_945626; Abcam), HSPB8 (1 : 1000, Cat# 3059, RRID:AB_2248643; CST,), and b-actin (1 : 1000, Cat# 12262, RRID:AB_2566811; CST). Then, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1 : 1000; Cat# ab16349, RRID:AB_955462; Abcam). Protein levels were examined using an enhanced chemiluminescence-based detection system (Thermo Scientific, Waltham, MA, USA).
Immunofluorescence staining
Immunofluorescence studies were performed as previously described. Briefly, 20-lm thick brain cryosections were fixed with ice-cold methanol (À20°C) for 10 min and blocked with 10% normal donkey serum (Cat# D9663; Sigma-Aldrich). Subsequently, sections were incubated with primary antibodies diluted in blocking solution (4°C) overnight. After thorough washes in phosphate-buffered saline, Alexa 594 secondary antibodies (1 : 500, Cat # A-11032; Thermo Fisher Scientific) or Alexa 647 (1 : 500, Cat # A32728; Thermo Fisher Scientific) were applied. Nuclei were stained with 4,6-diamidino-2-phenylindole (1 : 500, Cat# D3571, RRID:AB_2307445; Thermo Fisher Scientific). Primary antibodies include anti-HSPB8, anti-occludin (1 : 100; Abcam), anti-LC3 (1 : 200; CST), anti-Beclin-1 (1 : 200, RRID:AB_626745; Santa Cruz Biotechnology), anti-IgG (1 : 200, Cat# ab2410; Abcam).
Statistical analysis
No randomization procedures were performed in this study. No calculation was performed to predetermine the sample size. The test for outliers was not conducted on the data. Data analyses were performed using Prism software (GraphPad, San Diego, CA, USA) or SPSS (IBM, Armonk NY, USA). Normality was assessed using a Shapiro-Wilk test. Data were expressed as the mean AE standard error of the mean (SEM). Student's t-test was used to determine the difference between two experimental groups. One-way analysis of variance (ANOVA) and Dunnett's post hoc test were used for multiple comparisons between more than two groups. A value of p < 0.05 was considered statistically significant.
Results
Effects of intracerebroventricular injection of pLV-HSPB8 on expression of HSPB8 in brain Two weeks following i.c.v injection of pLV-HSPB8 lentivirus, GFP fluorescence was observed in many regions in the brain including the cortex and hippocampus (Fig. 2a) . Then, the mRNA and the protein levels of HSPB8 were detected by RT-PCR and western blot, respectively. RT-PCR analysis demonstrated that the relative level of HSPB8 mRNA was markedly increased in the pLV-HSPB8 group compared with the pLV-GFP group (Fig. 2b) . The effectiveness of the pLV-HSPB8 lentiviral vectors was also confirmed by the elevated HSPB8 protein level ( Fig. 2c and d) . Colabeling for HSPB8 and GFP expression in the cortex section further revealed many cells expressing GFP throughout the examined sections in both the pLV-GFP and pLV-HSPB8 groups. While animals treated with pLV-GFP showed low immunopositive HSPB8 elements, strong HSPB8 immunostaining was observed in the pLV-HSPB8 group (Fig. 2e) . The use of pLV-HSPB8, therefore, is appropriate for the following experiments.
Lentivirus-induced HSPB8 over-expression improved neurological outcome and attenuated brain edema We then examined the effect of HSPB8 on cerebral I/R injury. At 24 h perfusion post-ischemia, the animals in the MCAO/R + pLV-GFP group exhibited significant deficit in neurological function. HSPB8 over-expression significantly reduced the neurological deficit (Fig. 3a) . Cerebral infarction assessed by triphenyltetrazolium chloride staining showed that a significant reduction in total brain infarct size was observed in animals treated with pLV-HSPB8 compared with pLV-GFP-treated controls at 24 h reperfusion after MCAO (Fig. 3b and c) . Collectively, these findings illustrated that the over-expression of HSPB8 by lentiviral i.c.v injection significantly alleviated I/R induced cerebral injury.
HSPB8 over-expression protects against I/R-induced bloodbrain barrier destruction The mean brain water content in the ischemic and nonischemic hemispheres was examined and the results showed that the water content in the left and the right hemispheres of sham and non-ischemic left hemispheres of MCAO/ R + pLV-GFP and MCAO/R + pLV-HSPB8 were not significantly different from each other. In the MCAO/ R + pLV-GFP group, higher percentage of brain water content in ipsilateral hemisphere was examined after 24 h reperfusion compared with the sham group. Lentivirusinduced HSPB8 over-expression significantly attenuated percentage of brain water content in the ipsilateral hemisphere (Fig. 4a) . Then, the effects of HSPB8 on BBB permeability were evaluated with EB leakage. As shown in Fig. 4(b) , EB fluorescence was restricted only to blood vessels in the sham group. In the MCAO/R + pLV-GFP group, EB extravasation was prominent in the ipsilateral hemisphere, indicative of BBB hyperpermeability. Pretreatment with pLV-HSPB8 i.c.v injection markedly reduced the EB leakage when compared with the MCAO/R + pLV-GFP group. It is established that altered BBB integrity increases leakage of serum proteins like IgG or albumin. Therefore, to further explore whether HSPB8 has a positive effect on the BBB destruction, IgG protein extravasation was also examined. In the sham group, no IgG signal was found in the ipsilateral hemisphere. A significant amount of extravasated IgG was detected after MCAO/R, while HSPB8 over-expression significantly reduced IgG leakage (Fig. 4c) . These results demonstrated that HSPB8 over-expression reduced the brain damage by protecting the integrity of the BBB.
HSPB8 over-expression inhibited TJPs degradation
The tight junction (TJ) in the endothelial cells of blood vessels in CNS is essential for BBB integrity (Zlokovic 2008) . To determine whether HSPB8 over-expression induced the decrease in BBB permeability via modulation of tight junction proteins (TJPs) during cerebral I/R injury, western blotting was performed to assess the protein expressions of the TJPs, occludin and claudin-5, at 24 h reperfusion after MCAO. Western blot analysis showed that both occludin and claudin-5 were significantly reduced by MCAO/R (MCAO/R + pLV-GFP group vs. sham group), and the loss of TJPs was markedly attenuated by HSPB8 over-expression when compared to the pLV-GFP pretreated group (Fig. 5a-c) . Furthermore, using confocal microscopy, we found that occludin positive staining was continuously assigned along with CD31, an endothelial marker that also locates the BBB, in the ipsilateral cortex in the sham group, while MCAO/R induced a discontinuous staining of occludin. In the MCAO/R + HSPB8 group, a certain degree of rescue of such discontinuous staining was observed, suggesting that HSPB8 alleviated BBB destruction induced by I/R (Fig. 5d) . Similarly, HSPB8 over-expression group increased significantly compared to the pLV-GFP group (n = 5/ group, mean AE SEM). (e) Representative photomicrographs of coimmunostaining for anti-GFP (green), anti-HSPB8 (red), and 4,6-diamidino-2-phenylindole (DAPI) (blue) (n = 5/group, mean AE SEM). Scale bars = 20 lm. The number of HSPB8+ cells was more in the pLV-HSPB8 group than in the pLV-GFP group. **p < 0.01 versus pLV-GFP. n = number of animals. Fig. 3 Heat-shock protein B8 (HSPB8) over-expression significantly reduced ischemic injury. (a) Neurological scores at 24 h perfusion post-middle cerebral artery occlusion (MCAO). HSPB8 over-expression significantly improved neurobehavioral deficits (n = 6/group, mean AE SEM). (b) Representative triphenyltetrazolium chloride staining of the rat brain sections of the sham group versus the MCAO/ R + pLV-GFP and MCAO/R + pLV-HSPB8 groups (MCAO/R: MCAO 2 h followed by reperfusion 24 h); MCAO/R + pLV-GFP and MCAO/ R + pLV-HSPB8 (i.c.v injection with lentivirus encoding HSPB8 and lentivirus encoding GFP, respectively, followed by MCAO/R treatment). (c) Quantitative analysis of infarct volume. There was a significant decrease in infarct volume in the pLV-HSPB8 + MCAO/R group compared with the pLV-GFP + MCAO/R group. (n = 5-6/ group, mean AE SEM). n = number of animals. ## p < 0.01 versus the sham group; **p < 0.01 versus the MCAO/R + pLV-GFP group obviously protected against the protein reduction of claudin-5 after cerebral I/R injury, as indicated by the increased intensity of fluorescence signal of claudin-5 in the MCAO/ R + HSPB8 group compared with the MCAO + GFP group (Fig. 5e) .
Activation of autophagic flux is involved in the role of HSPB8 in MCAO/R To investigate HSPB8-induced autophagy activation, we analyzed LC3-II/I turnover and Beclin-1 expression. The results showed that MCAO/R led to an increase in LC3-I to LC3-II conversion. HSPB8 over-expression further elevated the ratio of LC3-II/LC3-I. The expression of Beclin-1 was also increased in the ipsilateral hemisphere in the MCAO/ R + pLV-GFP group compared with that in the sham group. Over-expression of HSPB8 resulted in the enhancement of Beclin-1 expression compared with the MCAO/R + pLV-GFP group (Fig. 6a-c) . The redistribution of LC3 from diffused (cytosolic) pattern to punctate staining (granular/ vesicular) has been regarded as a reliable denominator of autophagosome formation. As shown in Fig. 6(d) , in the sham group, LC3 showed weak and diffuse cytoplasmic distribution, indicating a soluble inactive form (LC3-I). After 24 h reperfusion following MCAO, LC3 punctate showed the classical intense distribution, indicating that this autophagic marker was ultimately modified to an active membranous form (LC3-II). Pretreatment with pLV-HSPB8 showed further increased level of autophagosomes.
To determine whether the accumulation of autophagosomes by HSPB8 over-expression was triggered by an increase in autophagic flux or reflected the disturbance of autophagic flux, we measured the protein levels of p62, Fig. 4 Heat-shock protein B8 (HSPB8) over-expression significantly attenuated brain edema and blood-brain barrier (BBB) leakage after middle cerebral artery occlusion/reperfusion (MCAO/R). (a) The brain water content of the ipsilateral and contralateral hemisphere. The pLV-HSPB8 + MCAO/R group had a significantly decreased water content compared with the pLV-GFP + MCAO/R group (n = 5-6/group, mean AE SEM). (b) Quantitative analysis of Evans blue extravasation in ipsilateral hemispheres of rats from the sham, MCAO/R + pLV-GFP and MCAO/ R + pLV-HSPB8 groups (n = 5-6/group, mean AE SEM). pLV-HSPB8 reduced BBB leakage induced by MCAO/R. (c) Immunofluorescence staining for IgG (red) in the ipsilateral hemisphere from rats in the separated group, with 4,6-diamidino-2-phenylindole (DAPI) staining for contrast (n = 5/group, mean AE SEM). Merged images were shown at larger magnification, and scale bars = 20 lm.
## p < 0.01 versus the sham group; *p < 0.05 versus the MCAO/R + pLV-GFP group; **p < 0.01 versus the MCAO/ R + pLV-GFP group. n = number of animals.
cathepsin B and the LAMP-1. As shown in Fig. 6 (e-h), the expression of p62 was decreased after MCAO/R, and HSPB8 over-expression caused enhanced p62 degradation. Additionally, MCAO/R resulted in a significant increase in cathepsin B and LAMP-1 expression level compared with the sham group, while HSPB8 over-expression further increased these protein expressions after MCAO/R. These results indicated that HSPB8 over-expression promoted autophagic flux after cerebral I/R injury.
Over-expression of HSPB8 attenuated MCAO/R-induced BBB injury through autophagy
To clarify the involvement of activated autophagy in HSPB8-mediated neuroprotection, we adopted different experimental paradigms in which we blocked autophagosome assembly using 3-MA. Co-treatment of 3-MA and pLV-GFP decreased the LC3 turnover and the number of GFP-LC3 puncta after MCAO/R (vs. MCAO/R + pLV-GFP group) indicating autophagy inhibition. After MCAO/R, LC3-II conversion and LC3 puncta were significantly decreased when rats were co-treated with 3-MA and pLV-HSPB8 compared with pLV-HSPB8 treatment alone (Fig. 7a, b, and d) . Similarly, 3-MA significantly decreased Beclin-1 protein level and reduced the number of Beclin-1 positive cells (Fig. 7a, c, and d) . These data showed the efficiency of 3-MA for inhibiting autophagy and further confirmed that HSPB8 over-expression promoted autophagic activity after MCAO/R. To assess the impact of autophagy inhibition on HSPB8 neuroprotective effect, neurological deficits were examined for sham, MCAO/R + pLV-GFP, MCAO/R + pLV-GFP + 3-MA, MCAO/R + pLV-HSPB8, and MCAO/ R + pLV-HSPB8 groups, respectively. The rats in the MCAO/R + pLV-GFP group were significantly impaired in neurological functions compared with the sham group, while the pLV-GFP and 3-MA co-treatment group had an even lower score than that treated with pLV-GFP alone. The MCAO/R + pLV-HSPB8 group exhibited significantly improvement of neurological recovery compared with the MCAO/R + pLV-GFP group, 3-MA partly abolished the effect of HSPB8 over-expression (Fig. 8a) . To gain deeper insight into the role of autophagic flux in HSPB8 0 s action during cerebral I/R injury, the alterations of BBB permeability by EB assay in the sham, MCAO/R + pLV-GFP, MCAO/R + pLV-GFP + 3-MA, MCAO/R + pLV-HSPB8, and MCAO/R + pLV-HSPB8 groups were investigated. The results showed that, compared with the MCAO/ R + pLV-GFP group, the BBB permeability was increased in the MCAO/R + pLV-GFP + 3-MA group (Fig. 8b and  c) . The data indicated that inhibition of autophagy activation could play a role in mediating BBB destruction induced by cerebral I/R injury and autophagy exerts a beneficial effect on BBB integrity. HSPB8 over-expression significantly reduced the BBB disruption, and this effect was antagonized by 3-MA. To further confirm that the enhanced autophagic flux contributes to the BBB protective effect of HSPB8 over-expression in MCAO/R, we detected the protein levels of TJPs in each group by western blots. As shown in Fig. 8(c-e) , MCAO/R decreased the expressions of and claudin-5 and occludin, and this pattern was enhanced by 3-MA. In addition, pLV-HSPB8 treated rats showed significantly increased expression of claudin-5 and occludin after MCAO/R, which was significantly attenuated by 3-MA. These data indicated that inhibition of autophagy attenuated the BBB protective effect of HSPB8 after MCAO/R, which implies that autophagy underlies the alleviative role of HSPB8 in BBB compromise induced by cerebral I/R.
Discussion
We successfully over-expressed HSPB8 in rat brain tissues including the cortex and hippocampus with the lentivirus system through i.c.v injection, which added a rationale for the application of a pLV-mediated i.c.v injection to treat CNS pathology. It was reported that HSPB8 possesses a dose-dependent dual effect in isolated myocytes (Hase et al. 2005) , promoting cardiac hypertrophy and cell survival when over-expressed at low doses (fivefold increase), while inducing apoptosis at higher levels. In current study, we revealed that lentivirus-induced HSPB8 over-expression (% 3.2 fold over vehicle) could decrease infarct volume and improve neurological outcome in a cerebral I/R rat model. These results strongly suggested that HSPB8 overexpression, at least at low dose, conferred neuroprotection Quantitative determination of LC3-II protein level (as a proportion of LC3-I intensity) and Beclin-1 protein levels. b-Actin used as a loading control (n = 5-6/group, mean AE SEM). The ratio of LC3-II/LC3-I and the expression of Beclin-1 increased following cerebral I/R. HSPB8 over-expression further promoted LC3-II/LC3-I conversion and upregulated the expressions of Beclin-1 when compared with as compared to pLV-GFP pretreatment. (d) Immunofluorescence images of LC3 (red channel) in ipsilateral penumbra cortical tissues (n = 5-6/ group, mean AE SEM). In sham-operated animals, neuronal cells displayed diffuse and weak staining for LC3 in the cytosol. After I/R, intense LC3 staining appeared granular (puncta) in the cytosol. Overexpression of HSPB8 significantly increased LC3-positive puncta. Scale bar: 20 lm (e). Representative immunoblots depicting p62, cathepsin B, and lysosomal-associated membrane protein 1 (LAMP-1) levels in the ipsilateral hemisphere in separated groups. (f-h) Densitometry analysis of immunoblots of p62, cathepsin B, and LAMP-1 (n = 5-6/group, mean AE SEM). The expression of p62 decreased and the expression of cathepsin B and LAMP-1 significantly increased with MCAO/R. HSPB8 down-regulated p62 and up-regulated cathepsin B and LAMP-1 after ischemia. ## p < 0.01 versus the sham group; *p < 0.01 versus the MCAO/R + pLV-GFP group; **p < 0.01 versus the MCAO/R + pLV-GFP group. n = number of animals.
against cerebral I/R damage, which was in good agreement with our in vitro results.
In this study, the mechanism of the potential benefit of HSPB8 against cerebral I/R injury focused on BBB protection. We found that HSPB8 over-expression robustly protected against cerebral I/R-induced BBB disruption at 24 h reperfusion post-ischemia, as evidenced by reduced brain edema, as well as decreased EB and IgG extravasation.
TJs sealing the microvascular endothelium represent the core structure of the BBB, which consist of transmembrane proteins and a number of membrane-associated cytoplasmic proteins (Hawkins 2005) . TJ-associated proteins (TJPs), claudin-5 and occludin, play important roles in regulating the integrity and proper functions of the BBB. A large body of literature suggests that cerebral I/R leads to disruption and redistribution of claudin-5 and occludin, which consequently compromise the integrity of the BBB (Jiao et al. 2011) . Our data showed that MCAO/R reduced the expression levels of TJPs, and disrupted the continuity of TJPs staining with significant gap formation. Over-expression of HSPB8 obviously increased the expressions of occludin and claudin-5, and rescued their disorganization, indicating that HSPB8 preserved BBB integrity in rat cerebral I/R injury model through modulating TJPs.
In recent years, the role of autophagy in maintaining BBB integrity has been supported by abundant evidence. In an aneurysmal subarachnoid hemorrhage model, the activation of autophagy significantly attenuated BBB breakdown (Wang et al. 2012b) . Up-regulation of brain microvascular , and MCAO/R + HSPB8 + pLV-HSPB8 + 3-MA groups. MCAO/R + MCAO/R + 3-MA group, the rats administrated 3-MA before MCAO/R; MCAO/R + HSPB8 + 3-MA group, the rats injected pLV-HSPB8 lentivirus and administrated 3-MA before MCAO/R. (b) The expression change of LC3 and Beclin-1 (n = 5-6/group, mean AE SEM). The ratio of LC3-II/LC3-I and the expression of Beclin-1 increased following MCAO/R. 3-MA decreased the ratio of LC3-II/LC3-I and the protein level of Beclin-1 (vs. the MCAO/R + pLV-GFP group). The expressions of LC3-II and Beclin-1 were further increased in the pLV-HSPB8 group compared with the pLV-GFP group. Following autophagy inhibitor 3-MA treatment, the level of Beclin-1 and the conversion of LC3 upregulated by pLV-HSPB8 were decreased. (c) Immunofluorescence of LC3 and Beclin-1 in each group (n = 5-6/group, mean AE SEM). Scale bar = 20 lm. Double staining for LC3 (red channel) or Beclin-1 (far-red channel) and 4,6-diamidino-2-phenylindole (DAPI) (blue channel) showed that cerebral I/R led to conversion of LC3-I (diffused) to LC3-II (punctated). pLV-HSPB8 pretreatment intensified LC3-II (punctated) staining. 3-MA administration induced the inverse effect. Beclin-1-positive cells were markedly increased in the MCAO/ R + pLV-HSPB8 group compared with the MCAO/R + pLV-GFP group. However, 3-MA and pLV-HSPB8 joint intervention reduced number of Beclin-1-positive cells (vs. the MCAO/R + pLV-HSPB8 group). #p < 0.05 versus MCAO/R + pLV-GFP group; *p < 0.05 versus the MCAO/R + pLV-HSPB8 group. n = number of animals. HSPB8, heat-shock protein B8.
endothelial cell autophagy has been demonstrated beneficial in maintaining BBB integrity after I/R injury through suppressing the high reactive oxygen species production and reversing the decreased level of TJP ZO-1 induced by I/ R (Li et al. 2014) . The studies reviewed above indicate the protective potential of autophagy in BBB integrity.
Accumulating evidence supports the role of HSPB8 in stimulating autophagy in cooperation with its binding partner BAG-3 (Crippa et al. 2010a) . The HSPB8 and BAG-3 driven autophagy pathway has been indicated to act as a key element of cytoskeletal proteostasis for lung and muscle (Carra et al. 2008b; Ulbricht et al. 2015) . More recently, HSPB8 was demonstrated to be involved in a novel function in mitotic cell division and genome stability, through effect on remodeling of the actin cytoskeleton by promoting the autophagic clearance of damaged components within F-actin structures (Fuchs et al. 2015) . Moreover, HSPB8 recognizes and promotes autophagic removal of the misfolded proteins, through which it plays an important role in a wide range of neurodegenerative disorders (Carra et al. 2008a; Crippa et al. 2010b Crippa et al. , 2016 . Evaluating all the above studies, we hypothesized that HSPB8 may restore BBB integrity through facilitating autophagy. The execution of autophagy involves a set of proteins (Fig. 9) , among which, LC3 and Beclin-1 have been identified as key regulators.
Autophagosome formation involves soluble LC3-I to lipid bound LC3-II conversion (Kabeya 2000) . This characteristic conversion of LC3, indicated as 'LC3 puncta processing', yields increase in LC3-II/LC3-I ratio as a hallmark of autophagy up-regulation. The protein Beclin-1 is a key regulator of autophagosome formation by membrane recruitment (Cao and Klionsky 2007) . Accordingly, Beclin-1 and LC3 were chosen as the markers of autophagy in our experiment. We observed autophagy stimulation in the MCAO followed by a 24-h reperfusion model evidenced by the up-regulation of LC3 II/LC3-I ratio and Beclin-1 expression, which was in good agreement with the previous reports (Rami et al. 2008) (Wen et al. 2008; Tian et al. 2010) . Furthermore, HSPB8 over-expression enhanced LC3 and Beclin-1 induction. This increase might be because of a real increase in autophagy induction or a disturbed autophagic flux causing an accumulation of autophagosomes. Ischemia-induced neurological deficits were remarkably enhanced by 3-MA. Compared with the middle cerebral artery occlusion/reperfusion (MCAO/R) + pLV-GFP group, the neurological scores were decreased in the MCAO/R + pLV-HSPB8 group, while increased in the MCAO/R + pLV-HSPB8 and 3-MA co-treated group (n = 6, mean AE SEM). (b and c) Representative images of Evans blue extravasation sections (n = 3, mean + SEM) and quantification of Evans blue (EB) leakage (n = 5/group, mean + SEM) in the sham, MCAO/R + pLV-GFP, MCAO/R + pLV-GFP + 3-MA, MCAO/R + pLV-HSPB8 and MCAO/R + HSPB8 + pLV-HSPB8 + 3-MA groups. 3-MA aggravated the blood-brain barrier hyperpermeability induced by MACO/R. HSPB8 over-expression decreased EB leakage after MCAO/R and this effect was attenuated by 3-MA. (d) The protein levels of claudin-5 and occludin were measured by western blot. (e and f) Quantification of claudin-5 and occludin protein levels (n = 6/group, mean + SEM). The levels of claudin-5 and occludin were increased by HSPB8 over-expression (vs. the MCAO/R + pLV-GFP group). These increases were significantly attenuated by 3-MA. #p < 0.05 versus the MCAO/R + pLV-GFP group; *p < 0.05 versus the MCAO/R + pLV-HSPB8 group; **p < 0.01 versus the MCAO/R + pLV-HSPB8 group. n = number of animals.
p62, a cargo protein which is itself degraded by autophagy, is a negative-correlative marker for autophagic flux (Bjørkøy et al. 2009 ). Cathepsin B, primarily involved in the degradation or processing of lysosomal proteins (Korolchuk and Rubinsztein 2011) and LAMP-1, required for fusion of lysosomes with phagosomes (Huynh et al. 2007) , are both positive-correlative markers for autophagic flux. Therefore, to monitor the autophagic flux, we analyzed the expression of p62 protein and the lysosomal markers including cathepsin B and LAMP-1 in different groups.
MCAO/R resulted in a significant decrease in p62 and an increase in cathepsin B and LAMP-1 expressions, while HSPB8 over-expression intensified autophagic flux, evidenced by the further reduced level of p62 protein and raised levels of cathepsin B and LAMP-1 after MCAO/R. These results indicated that HSPB8 over-expression was correlated with promoted autophagic flux and implied that activating autophagic pathway may be involved in HSPB8 neuroprotection during cerebral I/R injury. Autophagy has long been viewed as a double-edged sword: the physiological level of autophagy appears protective, but when overactivated, it can be detrimental to neuronal survival (Wang et al. 2012a) . Mounting evidence supports that autophagy activation contributes to neuroprotection during cerebral I/R. Sheng et al. (2010) found that cerebral ischemic preconditioninginduced cerebral tolerance to a subsequent fatal ischemia insult, and autophagy contributed to the ischemic preconditioning-induced neuroprotection. Zhang et al. (2013) revealed that autophagy played a neuroprotective role during cerebral I/R. 3-MA, which inhibited autophagy, suppressed neuroprotection induced by ischemic preconditioning and abolished the neuroprotection of hyperbaric oxygen preconditioning against cerebral ischemia (Yan et al. 2011) . Nevertheless, some reports have argued the harmful effect of autophagy in ischemic stroke Zhang et al. 2010) .
The present study found that 3-MA which suppressed autophagic protein LC3-II conversion and Beclin-1 expression, significantly aggravated the neurological outcomes and increased the EB leakage, indicating that autophagy activation is an endogenous protective cellular process against cerebral I/R injury rather than a cause of neuronal death in rats following MCAO/R. Furthermore, inhibition of autophagy by 3-MA effectively attenuated HSPB8-mediated neuroprotective effect, evidenced by improved neurobehavioral score, reduced BBB damage, as well as decreased TJPs loss. Therefore, our results supported the involvement of Fig. 9 Schematic depiction of different stages of autophagy. Mammalian autophagy proceeds through a series of stages. It begins with the nucleation and expansion of an isolated membrane called the phagophore, which can sequester portions of cytoplasmic materials to form an autophagosome. Subsequently, autophagosome undergoes a maturation process, which fuses with a lysosome the lysosome forming structures called autolysosomes. Then, the autophagosome inner membrane and cargo are degraded by lysosomal proteases for recycling. Beclin-1 is a molecular platform which interacts with many proteins regulating autophagy. It has been increasingly recognized that mammalian Beclin-1 protein assembled two core complexes, Atg14L or UVRAG complexes. Atg14L complex (Beclin1-hVps34-Atg14L) is essential for the phagophore formation and UV radiation resistanceassociated gene (UVRAG) complex (Beclin1-hVps34-UVRAG) is required for the maturation of autophagosome. LC3-PE (phosphatidylethanolamine) conjugation reaction is essential for the elongation of the pre-autophagosomal membranes, which is mediated by the E1-like enzyme Atg7 and the E2-like enzyme Atg3. The p62 protein directly interacts with LC3 through its LC3-interaction region (LIR) domain for attachment to the autophagosomes, thereby delivering the ubiquitinated cargoes to the lysosome and degradation. Moreover, autophagosome maturation involves fusion of the autophagosome with lysosomal-associated membrane protein-positive lysosomes that contain cathepsin proteases, leading to the formation of autolysosomes.
autophagy activation in the protection of BBB integrity by HSPB8 over-expression.
Conclusion
This study provided a confirmed effectiveness of lentivirus i.c.v injection-induced HSPB8 over-expression. HSPB8 over-expression could ameliorate the brain damage following MCAO/R, which was mediated by attenuating I/R-elicited BBB compromise. The underlying mechanism of the neuroprotective effect on BBB of HSPB8 involved its ability to facilitate autophagic pathway. Collectively, the data in this study point toward the potential therapeutic value of HSPB8 for the ischemic stroke.
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